The MIT Faculty has made this article openly available. Please share how this access benefits you. Your story matters. Abstract Fluid flow characteristics and entropy generation in a circular diffuser/nozzle element are studied numerically. The flow is assumed to be isothermal, laminar and incompressible with constant thermo-physical properties. The velocity field, mass flow rate, and entropy generation are investigated for several half angles in combination with several values of pressure drops. The effect of diffuser half angle on the entropy generation is investigated and discussed. Furthermore, the effect of the half angle of diffuser on the diffuser efficiency and the effect on the rectification efficiency are explained. It is shown that there is an optimum operation half angle for which the diffuser efficiency has a maximum value. In the case of a micro-diffuser 1 mm long with an inlet diameter of 100 µm, the optimum half angle was found to be 2.5 • . These results are based on several parametric simulations ranging from 0 to 7 • half angles and covering pressure drops between 500 and 2000 Pa. 
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Introduction
Micro-electromechanical systems (MEMS) have attracted a growing research interest during the recent years. This may be due to the technological developments achieved in the area of micro-and nanotechnology. As a result, scientists have started to look into the microfluidic systems in more detail. These systems find application in chemical analysis systems, micro-dosage systems and cooling of electronic devices. One of the main components of microfluidic systems is the micropump and one of the common types of micropumps is the valve-less diffuser micropump that consists of diffuser/nozzle sections and a reservoir in which the pressure of the fluid is controlled by means of a diaphragm. The fluid flow is generated as a result of so-called "vena-contracta" effect. It is observed when reversing the pressure difference in a diffuser/nozzle segment. As the pressure difference is reversed, unequal amounts of fluid flows through the diffuser/nozzle element due to the difference in flow resistances in opposite directions. Thus, applying reversible pressure difference at certain frequency, it is possible to direct the fluid flow in one preferential direction. A number of investigations on fluid flow characteristics in micro-diffuser/nozzle elements are found in the literature. Singhal et al. [1] studied low Reynolds number flow characteristics through gradually expanding conical and planar diffusers. They presented the pressure loss coefficient with diffuser angle and found that the pressure loss coefficients at low Reynolds number (less than 1,000) vary significantly with Reynolds number. They also found that flow rectification properties of nozzle-diffuser elements improve with increasing Reynolds number.
Del Giudice et al. [2] studied the effect of viscous dissipation and viscosity in developing laminar flows in microchannels. They found that both temperature dependence of viscosity and viscous dissipation have significant role in laminar forced convection in straight microchannels.
Olsson et al. [3] studied fluid flow in flat-walled diffuser elements for valve-less micropumps using numerical techniques. Their simulations showed that there are differences in the flow patterns for diffuser elements and nozzle elements that explain the opposite positive flow directions. They showed that the diffuser element has an ordered flow and takes advantage of the pressure recovery, in the diverging wall direction, while the nozzle element has gross flow separation in the diverging wall direction where the effective cross-sectional area is smaller. They found no significant difference in the flow pressure characteristics between turbulent and laminar flows.
Although there is a considerable amount of investigation reported in the literature on the heat transfer and fluid flow in microchannels, there are only a few papers dealing with entropy generation. In one of such works, Haddad et al. [4] studied numerically the entropy generation in fluid flow through parallel plate microchannel. The fluid flow is assumed to be steady laminar. They discussed the effect of Knudsen, Reynolds, Prandtl and Eckert numbers and the nondimensional temperature difference on entropy generation within the microchannel. They found that the entropy generation in the microchannel decreases as the Knudsen number increases. On the other hand, they observed that the entropy generation increases as the Reynolds, Prantdl and Eckert numbers and nondimensional temperature difference increase.
In a second paper on the subject, Natarer [5] studied embedded converging surface microchannels in order to predict the entropy production in boundary layer flow with convective heat transfer. He used a similarity solution of boundary layer flow to determine entropy production for both no-slip and slip-flow regimes. He concluded that the flow past open microchannels with a slip coefficient of 2 yields a lower entropy generation. He found that the optimal Reynolds number decreased with higher temperatures, higher slip coefficients and more number of microchannels.
More recently, Zhao and Liu [6] conducted an entropy generation analysis of electro-osmotic flow in open-end and closed-end microchannels. They presented a theoretical-numerical study looking at the entropy generation in an osmotic flow in microchannels due to viscous dissipation, heat conduction and Joule heating. Furthermore, Naphon [7] conducted a study on the exergy loss of the horizontal concentric micro-fin tube heat exchanger. He presented an experimental and theoretical investigation on the entropy generation and exergy loss of a horizontal concentric microfin tube heat exchanger with water as the working fluid.
In the present paper, the characteristics of fluid flow and entropy generation in conical micro-diffusers and micro-noz- zles are investigated. The flow is assumed to be isothermal and laminar. The pressure loss coefficient at the inlet and outlet sections are considered in the analysis. The effect of diffuser angle on the flow rectification efficiency and diffuser/nozzle efficiency is discussed. Finally, the entropy generation within the diffuser/nozzle is studied.
Diffuser/Nozzle Efficiency
One of the applications of micro-diffuser/nozzle devices is in micropumps. The volume flow rate of a micropump depends on the flow rectification efficiency of the pump. It is the ability to direct the flow in one preferred direction and is defined as
where Q net is the net flow rate in the preferred (forward) direction. Q b and Q f are the volumetric flow rates in the back and forward directions ( Fig. 1 ), respectively. Fluid flow and hydrodynamics analysis are necessary for determining the volumetric flow rates. The pressure loss in a diffuser/nozzle is given in terms of pressure loss coefficient K
where V in is the velocity at the inlet of diffuser/nozzle. Since
The pressure loss is the change of total pressure from the inlet to the outlet
Therefore, the pressure loss coefficient given in Eq. (2) can be written as
Defining pressure recovery coefficient C p
the pressure loss coefficient in a conical diffuser/nozzle, Eq. (7), for incompressible flow case can be written as
On the other hand, the total pressure drop for a diffuser includes both the pressure loss due to sudden contraction at the inlet and the pressure loss due to sudden expansion at the exit sections:
Therefore, the total pressure loss coefficient for a diffuser can be written as
Similarly for a nozzle, the total pressure loss coefficient can be written based on the pressure head at the throat (at exit) as
It should be noted that
Considering diffuser flow as forward and nozzle flow as the backward
the diffuser/nozzle efficiency can be defined as the ratio of the pressure loss coefficient of nozzle (backward) to that of a The refinement is done using a successive ratio formula the diffuser (forward)
Finally, it is worth noting that in our case the flow is isothermal and the viscous dissipation can be neglected. CFD simulations have shown that its inclusion resulted in a maximum change of 0.1 K, and therefore the head loss coefficient is the same as the exergy loss coefficient as given in Makhanlall et al. [8] and Schmandt and Herwig [9] . Hence, the energy efficiency and exergy efficiency are the same for isothermal flow conditions.
Flow Field Formulation
The work presented here is limited to the case of laminar flow. The Navier-Stokes equations are solved for a circular geometry of a micro-diffuser or micro-nozzle. The conical diffuser/nozzle is identified with smaller radius R 0 and larger radius R 1 as shown in Fig. 2 and a length L. Normally, we define R 0 , L and the half angle α and determine R 1 . The Navier-Stokes equations for laminar steady flow can be written in cylindrical coordinates as follows. Continuity:
Momentum:
The flow boundary conditions used are as follows:
v r = 0, v z = 0 at the wall of diffuser/nozzle (17) 
Entropy Generation
The entropy generation rate for viscous fluid flow without heat transfer can be written as [10] :
The viscous dissipation is neglected in the energy equation and hence the fluid stays at the same temperature T 0 . Equations (7) and (8) define the entropy generation rate per unit volume at any location in the domain. This expression can be integrated over the entire domain to obtain the entropy generation rate in the pipe contraction.
Method of Solution
The solution of the problem has been carried out by a CFD packaged software [11] . The entropy generation calculation is achieved by user-defined functions. The working fluid considered is air whose thermo-physical properties are assumed to be constant at atmospheric pressure and a temperature of 288 K. The CFD software employed uses the finite volume technique which is well documented in the literature [11] . The computational domain included half the diffuser/nozzle for symmetry reasons as shown in Fig. 2 . The grid used was constructed out of a structured mesh with 30 × 100 (30 intervals in the radial direction and 100 in the axial direction) quadrilateral control volumes. This grid was arrived at after an extensive grid independence study which ensured less than 1 % change in the entropy generation. The different grids used are listed in Table 1 and the final grid is shown in Fig. 3 . To capture the boundary layer large gradient, smaller spacing was put close to the wall using Half angle (deg.) Fig. 8 Variation of diffuser and nozzle loss coefficients with half angle for three pressure differences a successive ratio technique. Similar refinement was done at the entry and exit of the diffuser and nozzle meshes as shown in Fig. 3 . In addition to the grid refinement, two discretization schemes were tried: the first-order upwind and second-order upwind schemes. The final results were obtained using the second-order upwind scheme for the momentum and standard scheme for the pressure. All simulations were run until the mass and momentum residuals were less than 10 −6 . A summary of the computational runs are shown in Table 2 for the diffuser and in Table 3 for the nozzle along with the grid dependence study using five mesh sizes (see Table 1 ) and two discretization methods. Half-angle (deg) Rectification efficiency, ε ΔP=2 kpa ΔP=1 kpa ΔP=500 pa Fig. 10 Variation of micro-nozzle flow rectification efficiency with half angle for three pressure differences in the inlet section, especially near the wall. This is due to the acceleration of the flow due to the boundary layer development in these locations. The pressure increases gradually in the downstream due to the increase of cross section of the micro-diffuser and deceleration of the flow.
The velocity vectors for 3 • half angle diffuser are shown in Fig. 5 and the contours of velocity magnitude are shown in Fig. 6 . The high values of the velocity gradients at the inlet of the diffuser and deceleration of the flow through the diffuser can be seen in these figures. It should also be noted that there exist no fully developed region as the flow expends continuously.
The effect of diffuser half angle on the mass flow rate for three different cases of pressure differences is given in Fig. 7 . Both the forward (diffuser) and backward (nozzle) mass flow rates are shown in this figure. The difference between the mass flow rates in forward and backward directions increases as the half angle increases. However, the difference between the mass flow rates (of forward and backward direction) reaches nearly a constant value beyond a certain half angle (about 4 • ). As the pressure difference increases, the difference between the mass flow rates increases in general.
The effect of half angle on the pressure loss coefficients for three different pressure differences is given in Fig. 8 for both diffuser (forward) and nozzle (backward) operation. Pressure loss coefficient for both diffuser and nozzle operation decreases as the half angle increases. The reduction in the pressure loss coefficient with half angle is faster for small angles. As the half angle gets larger, the change in the pressure loss coefficient gets smaller especially for the diffuser Diffuser half-angle (Deg) Entropy genertion rate (J/kg.K) ΔP=2 kpa ΔP=1kpa ΔP=500 pa Fig. 12 Micro-diffuser and micro-nozzle entropy generation per unit mass flow rate as function of half angle for three pressure differences case. The effect of applied pressure on the pressure drop coefficient for higher values of half angle is small. It should be noted that in Fig. 8 , the inlet and exit pressure losses are not included. The less pressure loss coefficient for the case of nozzle operation for high half angle values indicates that the diffuser efficiency might get less than 1.0 as can be seen from Fig. 9 .
Variation of micro-diffuser efficiency as defined by Eq. (13) is given in Fig. 9 . There exists an optimum half angle for which the micro-diffuser efficiency becomes the maximum. As the pressure difference increases, the microdiffuser efficiency decreases in general. The optimum half angle decreases as the applied pressure is increased. Figure 10 shows the micro-diffuser flow rectification efficiency defined by Eq. (1) as function of half angle. As the half angle increases, the rectification efficiency increases. The rectification efficiency approaches a steady value for higher half angles. The effect of pressure difference on the rectification efficiency, however, is negligible.
The volumetric entropy generation in the micro-diffuser is shown in Fig. 11 . Entropy generation is the maximum in the entrance region, especially near the diffuser wall. This is due to the high velocity gradients occurring in these regions. In the axial direction along the micro-diffuser, the entropy generation decreases gradually. It should be noted that at an upstream location on the centerline near the inlet, the entropy generation decreases to a minimum value. This is due to the flow acceleration as a result of boundary layer development, followed by the deceleration as a result of enlargement of the cross-sectional area of the diffuser. During this flow acceleration and deceleration process, the velocity gradients go through zero where the entropy generation decreases considerably.
The variation of entropy generation per unit mass flow rate as function of half angle is shown in Fig. 12 for three different values of pressure difference. When the pressure difference is small, the effect of the half angle on the entropy generation is negligible. However, as the applied pressure difference is increased, the effect of half angle on the entropy generation becomes important. For pressure drops higher than 1 kPa, increasing the half angle results in reducing the entropy generation. For the case of nozzle, this fact is more pronounced. The difference between the entropy generation in the forward direction and that in the backward direction increases as the half angle increases. This difference is considerably high for high pressure differences.
Conclusions
The flow characteristics and the entropy generation in a micro-diffuser element were studied for forward (diffuser) and backward (nozzle) operation. In this study, the microdiffusers are 1 mm long and have an inlet diameter of a 100 µm and variable half angle. In order to obtain accurate results, fine numerical meshes and second-order discretization schemes were used. Several parametric simulations ranging from 0 to 7 • half angles and covering pressure drops between 500 and 2,000 Pa were executed. Based on the results of the study, the following conclusions can be stated:
1. The boundary layer development in micro-diffuser results in acceleration of the flow near the entry of the diffuser, which is responsible for high amount of entropy generation. After the initial acceleration that occurs near the entrance, the flow decelerates along the axial direction as a result of increase in the cross-sectional area. 2. The entropy generation is the maximum at the inlet near the corner of the diffuser wall. This is due to the high velocity gradients that occur in this region. Along the axial direction, the entropy generation decreases. 3. The entropy generation decreases as the diffuser angle increases. This is due to the decrease of velocity gradients and deceleration of the flow in the diffuser.
4. The entropy generation per unit mass flow rate for backward operation (nozzle case) is less than the forward operation (diffuser case). This may be attributed to the less pressure loss coefficient in the case of nozzle operation. The mass flow rate is more in the case of diffuser operation; however, the entropy generation is also higher. 5. There exists an optimum operation half angle for which the diffuser efficiency has a maximum value. 6. For the micro-diffusers simulated in our study (1 mm long and an inlet diameter of a 100 µm), the optimum half angle was found to be 2.5 • .
In our study, we considered isothermal and incompressible flow. It is recommended that future studies include flow and heat transfer in compressible flow situations.
